These results suggest that plasma macromolecules that appear in Bowman's space in proteinuric conditions have the capacity to induce podocyte cytokines through TLRs, and thereby accelerate podocyte injury.
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interest, marked reduction of glomerular filtration induced by ureteral ligation prevented podocyte injury and development of subsequent glomerular sclerosis in this model. These observations led us to hypothesize that plasma macromolecules, which appear in Bowman's space in proteinuric conditions, are toxic to the podocytes and contribute to progressive glomerular injury.
Toll-like receptors (TLRs) were originally identified to constitute a defense mechanism against invasion of pathogenic microorganisms by the innate immune system [7, 8] . When TLRs are activated by ligand binding, the Toll/IL-1 domain binds to the adaptor molecule MyD88 and transduces extracellular signals to intracellular signals that activate NF-B and induce subsequent cytokine expressions. Recent findings indicate that activation of TLRs by a variety of endogenous ligands is pivotal in the progression of primary vascular diseases such as myocardial infarction and atherosclerosis [9] [10] [11] [12] . Endogenous ligands of TLR4 include type III repeat extradomain A of fibronectin, oligosaccharides of hyaluronic acid, heat shock proteins and fibrinogen [12] [13] [14] [15] [16] [17] . These ligands are often seen in the blood and urine of patients with progressive glomerular diseases. TLR4 has been suggested to be involved in the development of membranoproliferative glomerulonephritis in mice with overexpression of thymic stromal lymphopoietin in which the nephropathy is triggered by deposition of immune complexes [17] . We therefore examined the possibility that macromolecules present in nonselective proteinuria act as pathogenic ligands by activating podocyte TLRs which, in turn, leads to induction of proinflammatory cytokines, thereby accelerating podocyte injury.
Materials and Methods

Materials
Solutions and FBS used for cell culture were purchased from Invitrogen (Carlsbad, Calif., USA). Fibrinogen and lipopolysaccharides (LPS; from Escherichia coli 055:B5 purified by ion-exchange chromatography) were purchased from Sigma (St. Louis, Mo., USA). MCP-1 ELISA and TNF-␣ ELISA were purchased from Biosource International (Camarillo, Calif., USA). RNeasy Mini Kit and Hyperfect Transfection Reagent were purchased from Qiagen (Hilden, Germany). Probes for real-time PCR, TaqMan reverse transcription reagents, TaqMan Master Mix and siRNAs were purchased from Applied Biosystems (Foster City, Calif., USA). Polyclonal anti-fibrinogen antibody was purchased from Nordic Immunological Laboratories (Tilburg, The Netherlands). Monoclonal anti-synaptopodin antibody was purchased from Progen (Heidelberg, Germany). Polyclonal anti-podocalyxin antibody was a generous gift from Dr. Kurihara, Jyuntendo University, Tokyo, Japan.
Animal Experiments
The institutional Animal Care and Use Committee at Vanderbilt University Medical Center and the Animal Experimentation Committee of Tokai University approved the protocol in accordance with the principles and procedures outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
NEP25 mice were injected with LMB2 (25 ng/g body weight) and sacrificed on the 5th day after the injection, as described earlier [6] . Kidneys were isolated and processed for histological analysis. Polyclonal anti-fibrinogen antibody (1: 1,000 dilution) was used as the primary antibody to stain paraffin sections. Monoclonal anti-synaptopodin (1: 1) antibody or polyclonal anti-podocalyxin (1: 2,000) antibody was used to stain adjacent sections. We have tested two different antibodies (Santa Cruz Biotechnology, Santa Cruz, Calif., USA) against TLR2 or TLR4 to assess their in vivo expressions (n = 3). Although positive staining was observed in frozen sections of the kidney, the staining pattern was markedly different from in situ hybridization or immunohistochemistry previously reported [18] . Further, the staining patterns were not altered by ischemia-reperfusion (n = 3), findings that contradict previous reports of TLR2 and TLR4 upregulation under the same experimental condition [19] [20] [21] [22] . Since we failed to verify that commercially available antibodies faithfully represent TLRs in vivo , we studied cultured podocytes.
Cell Culture
A conditionally immortalized mouse podocyte cell line [23] was the generous gift from Dr. Mundel, Mount Sinai School of Medicine, New York, N.Y., USA. Cells were cultured on laminincoated dishes or tissue culture plates. Cells were maintained in Dulbecco's Modified Eagle Medium containing 10% FBS and 50 g/ml IFN-␥ at the permissive temperature of 33 ° C. Experiments were performed using differentiated cells. Cells were differentiated by incubating them at the nonpermissive temperature of 37 ° C in a medium without IFN-␥ for at least 1 week.
MCP-1 Protein Expression
Differentiated cells were treated with several different concentrations of LPS or fibrinogen for 24 h. After 24 h of treatment, concentration of MCP-1 or TNF-␣ protein in culture supernatant was determined by ELISA.
TLR2, TLR4, MCP-1, TNF-␣ and MyD88 mRNA Expression
Differentiated cells were treated with several different concentrations of LPS or fibrinogen for 3 h. Total RNA was prepared using an RNeasy Mini Kit. 100 ng of total RNA were applied for cDNA synthesis using MMLV reverse transcriptase in a volume of 10 l. The mRNA expression was assessed for TLR2, TLR4, MCP-1, TNF-␣ and MyD88 in 1 l of cDNA by real-time PCR method (7300 Real-time PCR System; Applied Biosystems, or iCycler; Bio-Rad Laboratories, Hercules, Calif., USA). ␤ -Actin expression served as a control. Assay IDs for each probe were TLR2: Mm00442346_m1, TLR4: Mm00445274_m1, MCP-1: Mm00441242_m1, TNF-␣ : Mm00443258_m1, MyD88: Mm00440338_m1, and ␤ -actin: Mm00607939_s1. Data were calculated using the comparative Ct method. In some experiments, stock solutions of fibrinogen and LPS were heat-denatured for 15 min at 95 ° C.
Podocyte TLRs
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Measurement of Endotoxin
Endotoxin contamination in fibrinogen preparation was assessed by the limulus amebocyte lysate test according to the manufacturer's instruction (Endspecy tests; Seikagaku Kogyo, Tokyo, Japan). Control experiments with endotoxin-spiked samples showed more than 90% recovery of the spike.
Knockdown Experiments by RNAi
Cells were cultured in 6-well cell culture plates. 24 h prior to transfection, the medium in each well was replaced with 2 ml of fresh medium. Two microliters of siRNA solution (20 M ) were diluted with 100 l of serum-free medium, and 12 l of transfection reagent was added to the diluted siRNA. In double knockdown experiments, 1 l of TLR2 siRNA and 1 l of TLR4 siRNA were combined. The mixture was incubated at room temperature for 10 min and added dropwise onto the cells. Cell culture plates were gently swirled to ensure a uniform distribution of transfection complexes. The cells were incubated for 48 h and then stimulated with fibrinogen for 3 h. ID numbers for siRNA from Applied Biosystems (Ambion) were 187990 for TLR2, 188777 for TLR4, 156410 for MyD88, and AM4611 for negative control.
Western Blotting
Podocytes were treated with indicated siRNA(s) for 48 h in 12-well plates. Then, cells were trypsinized, lysed with 100 l of 50 m M Tris-HCl pH 7.4, 0.5 m M PMSF, 2 m M CaCl2, 1% Triton-X100 and centrifuged at 14,000 g for 10 min. Protein concentration in each sample was determined by using a DC protein assay kit (BioRad Laboratories). NuPAGE LDS sample buffer (Invitrogen) was added to each sample. Samples were boiled for 5 min. Five micrograms protein from each sample were loaded to NuPAGE Novex Bis-Tris 4-12% gradient gels (Invitrogen) and electrophoresed at 200 V for 35 min. Separated proteins were transferred to a sheet of immobilon-P membrane (Millipore, Bedford, Mass., USA). Transferred membranes were immunoblotted with goat anti-TLR4 antibody (sc-16240; Santa Cruz Biotechnology). Signal was developed by the ECL Western blotting detection system using anti-goat IgG (Amersham, Biosciences, Piscataway, N.J., USA) as a second antibody and detected by an image analyzer (CS analyzer; Atto, Tokyo, Japan). Membranes were stripped using a stripping buffer (Nacalai Tesque, Kyoto, Japan) and immunoblotted with mouse anti-␤ -actin antibody (Sigma). Two of the available antibodies for TLR2 did not detect any band in those blots.
Statistical Analysis
Values are expressed as means 8 SD. Statistical difference was assessed by one-way ANOVA. A p-value ! 0.05 was considered significant.
Results
Using our model of podocyte-specific injury, we first examined whether fibrin/fibrinogen appears in Bowman's space when massive proteinuria is induced by podocyte injury. In addition to a marked staining pattern observed in capillaries and sclerotic mesangial regions, anti-fibrinogen antibody staining was demonstrated within podocytes and parietal epithelial cells in injured glomeruli ( fig. 1 ). Fibrinogen-positive podocytes were found in glomeruli with mild injury with normal expression pattern of synaptopodin ( fig. 1 a, b) as well as in severely injured glomeruli ( fig. 1 c, d ). These results indicate that podocytes take up fibrinogen, fibrin or its degradation product and were thus exposed to these plasma proteins.
To explore the potential role of TLRs in podocyte injury, we then examined whether these cells respond to fibrinogen, a serum component. Fibrinogen treatment dramatically increased MCP-1 protein in the supernatant of cultured podocytes ( fig. 2 a) . Similarly, LPS, a wellknown ligand for TLR4, also increased MCP-1 protein in these cells. Although the amount of TNF-␣ protein in the medium of control cells was below detection limit and the data from fibrinogen-or LPS-treated cells were highly variable, a similar tendency was observed for TNF-␣ protein expression (data not shown). To examine whether induction of this cytokine in the podocyte is dependent on transcriptional regulation, we assessed the dose dependency of expression of MCP-1 mRNA. In addition to MCP-1 mRNA expression, fibrinogen treatment showed dose-dependent induction of TNF-␣ and TLR2 ( fig. 2 bd) . Similar results were observed when cells were treated with LPS. By contrast, neither LPS nor fibrinogen affected TLR4 mRNA expression (data not shown). Maximal induction of MCP-1, TNF-␣ and TLR2 mRNA expressions were observed 3 h after treatments (data not shown).
Since contamination of LPS, if any, in the fibrinogen preparation may affect these results, we assessed the endotoxin content in fibrinogen and LPS preparations. While the endotoxin content in 10 ng/ml of LPS preparation was estimated to be 22,670 EU/l, in 500 g/ml of fibrinogen preparation it was 1,186 EU/l. The latter value is, therefore, approximately 1/20 of 10 ng/ml LPS preparation. Heat denaturation of fibrinogen has been reported to diminish activation of TLR4 [17] . In concert with this previous report, heat denaturation of fibrinogen reduced fibrinogen-induced MCP-1 mRNA upregulation ( fig. 3 ) in our study. In contrast, heat-treated LPS was capable of inducing MCP-1 mRNA upregulation in a manner similar to untreated LPS.
To test whether TLR signaling mediates the MCP-1 mRNA induction by fibrinogen, we utilized the RNAi technology. Effects of siRNA were assessed in podocytes treated with siRNA for 48 h and then fibrinogen for 3 h. Western blot analysis showed a 60-65% reduction in TLR4 expression in TLR4 siRNA-treated cells or TLR2 e42 siRNA + TLR4 siRNA-treated cells ( fig. 4 a) . Unfortunately, two available antibodies to TLR2 did not detect any band on those blots. When treated with siRNA for TLR2, immortalized podocytes had a 80-90% attenuation in the fibrinogen-induced upregulation of TLR2 mRNA expression ( fig. 4 b) . Similarly, treatment with siRNA for TLR4 attenuated TLR4 mRNA expression by more than 70%. When compared to fibrinogen-induced expression of MCP-1 mRNA in control experiments, the mRNA induction was 15-25% lower in cells treated with siRNA for TLR2 or TLR4, and significant inhibition was observed when cells were treated with both siRNAs. The negative control siRNA was without effect on the expression of MCP-1, TLR2 or TLR4 in fibrinogen-treated cells. LPS-treated cells showed a response similar to that of fibrinogen-treated cells ( fig. 4 c) . TLR2 siRNA was required to detect a significant reduction as in the case of fibrinogen. Therefore, it is not possible to exclude the possibility that contaminated TLR2 ligands were involved in the full induction of MCP-1 in the LPS treatment.
Finally, we examined whether the signal transduced by MyD88 was involved in TLR2-and TLR4-mediated MCP-1 induction. Treatment with siRNA for MyD88 led to a reduction in its expression by 80% ( fig. 5 ). Under these experimental conditions, fibrinogen-induced MCP-1 expression was significantly attenuated, on average by 40%, and fibrinogen-induced TLR2 expression was attenuated on average by 60%, when compared to the negative control siRNA treatment.
Discussion
Our observations that glomeruli of NEP25 mice have extensive staining with anti-fibrinogen antibody indicate that when podocytes are injured, considerable amounts of fibrinogen and/or fibrin degradation products appear in the ultrafiltrate. These findings fit well with the clinical demonstration of fibrinogen and fibrin degradation products in the urine of patients with nonselective pro- Cultured differentiated podocytes were treated with 500 g/ml fibrinogen, 500 g/ml heat-treated fibrinogen, 10 ng/ml LPS or 10 ng/ml heat-treated LPS for 3 h at the indicated concentrations (n = 3). Expression of MCP-1 was assessed by realtime RT PCR. * p ! 0.01 vs. control. teinuria that was associated with progression of glomerular disease [24] . Recent suggestions that endogenous ligands, including fibrinogen/fibrin, promote vascular diseases through TLRs raise the possibility that this mechanism is also important in glomerular capillary diseases that characterize proteinuric states. The present study shows that functionally responsive TLR2 and TLR4 are expressed on podocytes. Thus, an immortalized podocyte cell line was found to be positive for TLR2 and TLR4 at mRNA level. Assuming that efficiencies of realtime PCR for TLR2 and TLR4 are comparable, TLR2 mRNA expression is almost four times higher than that of TLR4 (data not shown). Our studies also found that exposing the podocyte cell line to LPS, a well-known ligand of TLR4, induces MCP-1, TNF-␣ and TLR2. LPS has also been reported to induce podocyte granulocyte macrophage colony-stimulating factor [25] and B7-1 [26] in podocytes. Taken together, these data suggest that podocytes possess TLRs which may be upregulated by ligands present in glomerular ultrafiltrate in proteinuric states together with increase in proinflammatory cytokines. In this connection, it has been shown that TLR4 on podocytes was linked to the development of glomerular injury in a mouse model of cryoglobulinemic membranoproliferative glomerulonephritis [17] . Our study further indicates that TLRs are involved in proteinuric conditions in general, not limited to a specific immune-mediated glomerular injury. It is possible that other candidate ligands for TLRs potentially present in proteinuria include degradation products of the extracellular matrix. Increased matrix turnover during the development of glomerular sclerosis may expose TLRs on podocytes to endogenous ligands such as heparan sulfate, fibronectin extra-domain A and/or hyaluronic acid [12] [13] [14] [15] [16] [17] . Recently, biglycan has been reported to trigger signals from TLR2 and TLR4 [27] . While previous studies in cultured mouse tubular epithelial cells exposed to LPS showed upregulated MCP-1, RANTES, TLR2 and TLR4 [28] , we found no change in TLR4 mRNA expression in podocytes. Our data show that fibrinogen-induced upregulation of MCP-1, TNF-␣ and TLR2 are comparable to the patterns induced by LPS, raising the possibility that LPS and fibrinogen share common receptors. Our results that fibrinogen upregulated TLR2, but not TLR4, prompted us to test the involvement of TLR2 in fibrinogen-induced MCP-1 mRNA upregulation. In the present study, siRNA for both TLR2 and TLR4 showed additive inhibitory effects on the induction of MCP-1 mRNA. TLR2 siRNA or TLR4 siRNA alone did not show significant inhibition of MCP-1 mRNA induction by fibrinogen. This is likely due to insufficient knockdown of each TLR. Thus, the effects of fibrinogen on MCP-1 were, at least in part, mediated by TLR2 and TLR4. In contrast, since siRNA for TLR4 did not show any effect on TLR2 induction, TLR2 induction may be mediated by TLR2 alone. In podocytes, siRNA for TLR4 Cultured differentiated podocytes were treated with siRNA for TLR2 and/or TLR4 for 48 h, then with 500 g/ml fibrinogen for 3 h (n = 6). Expression of MCP-1, TLR2 or TLR4 mRNA was assessed by real-time RT PCR. * p ! 0.05 and * * p ! 0.01 vs. expression in fibrinogen-treated cells (none: no siRNA). c Effects of TLR knockdown on LPS-induced MCP-1 mRNA upregulation in podocytes. Podocytes treated with siRNA for TLR2 and/or TLR4 were subsequently treated with 10 ng/ml LPS for 3 h (n = 6).
was shown to inhibit fibrinogen-induced chemokine expression [17] . In our study, involvement of TLR signal in fibrinogen-induced MCP-1 and TLR2 upregulation was further confirmed with the use of siRNA for the major signal transducer of TLRs, MyD88. Thus, MyD88 siRNA alone inhibited the induction of MCP-1 and TLR2 in podocytes, indicating that both TLR2 and TLR4 signaling cascades utilize MyD88 as their signal transducer.
It has been reported that podocyte injury increased expression of MCP-1 in various proteinuric conditions [29] , while neutralization of MCP-1 showed antiproteinuric and renoprotective effects in crescentic glomerulonephritis [30, 31] . Moreover, recent studies demonstrated an expression of CC chemokine receptor 2 in podocytes, and increased motility of podocytes after treatment with MCP-1 [32, 33] . Therefore, overexpressed MCP-1 in podocytes may change the phenotype of podocytes and mediate propagation of podocyte injury.
An increasing body of experimental and clinical evidence suggests a role for plasma macromolecules within the glomerular ultrafiltrate in the progression of glomerular injury leading to chronic renal failure [34, 35] . TLR 2 and/or TLR4 expressed in podocytes, activated by serum macromolecules such as fibrinogen in glomerular ultrafiltrate, may accelerate podocyte damage and, thereby, promote the progression of glomerular injury through induction of inflammatory cytokines. Although the results from the present study need to be confirmed in independent cell lines and primary cultures, the present study supports the notion of an involvement of serum macromolecules and potential role of TLRs in the progression of podocyte injury.
